The clay fraction of sediments drilled at Sites 903 and 905 is composed of variable proportions of chlorite, illite, random mixed layers (including illite-smectite and illite-vermiculite), smectite, and kaolinite. The coincidence of major changes in clay mineralogy with increasing values of oxygen isotopes suggests a dominant climatic control of the clay sedimentation. At Site 903, we distinguish four intervals (Eocene, upper Oligocene-middle Miocene, middle Miocene-upper Miocene, and Pleistocene) characterized by distinct clay assemblages.
INTRODUCTION: PREVIOUS CLAY MINERAL DATA IN THE WESTERN NORTH ATLANTIC
During Leg 150 of the Ocean Drilling Program (ODP), holes were drilled at five sites. Sites 902, 903, 904, and 906 are located on the slope off New Jersey and Site 905 is on the upper rise (Fig. 1) . The upper Oligocene through Pleistocene sediments deposited on the passive continental margin off New Jersey are composed dominantly of clays, silty clays, and clayey silts lying above Eocene nannofossil clayey chalks (Shipboard Scientific Party, 1994a , 1994b , 1994c . Most terrigenous particles were brought to the New Jersey Margin by rivers crossing the Appalachian Highlands (Poag and Sevon, 1989; Poag, 1992) . After deposition, they were redistributed on the continental margin by oceanic currents, submarine slumping, and turbidity currents through canyons cutting the continental shelf and slope.
Numerous clay mineral data have been reported for Cenozoic sediments deposited in deep-sea basins and abyssal plains from the western North Atlantic (Rothe and Tucholke, 1981; Rothe, 1989) , but limited clay mineral data are available for sediments deposited on the rise and slope. Some clay mineral analyses have been performed on Cenozoic sediments drilled during Deep Sea Drilling Project (DSDP) Leg 93 on the upper rise (Sites 604 and 605) (Dunn et al., 1987) , but most clay mineral data are from sediments deposited in deeper envi- 1 Mountain, G.S., Miller, K.G., Blum, P., Poag, C.W., and Twichell, D.C. (Eds.), 1996. Proc. ODP, Sci. Results, 150: College Station, TX (Ocean Drilling Program Flood, 1978) , in the Cape Hatteras basin (DSDP Leg 11, Site 105), in the Labrador Sea (ODP Leg 105, Site 646; Cremer et al., 1989) , and in the Baffin Bay (ODP Leg 105, Site 645; Thiébault et al., 1989; Thiébault and Cremer, 1990) .
The aim of this study is (1) to document variations in the nature and composition of clay mineral assemblages brought from the North American continent to the New Jersey Margin, and (2) to identify environmental changes from the Eocene to the Pleistocene. In the proximal rise and slope areas, the composition of clay mineral assemblages should be more sensitive to climatic, tectonic, and sea-level fluctuations than in distal oceanic basins where they were studied previously.
Pleistocene
At Sites 604 and 605 drilled on the upper rise ( Fig. 1) , the clay fraction of the Pleistocene sediments is composed dominantly of illite (average quantity, 60%), with chlorite (23%) and kaolinite (17%). Smectite occurs sporadically (Dunn et al., 1987) . On the lower rise, Pleistocene sediments are also rich in illite (mica) occurring together with chlorite and kaolinite (Flood, 1978) . In deeper environments of the western North Atlantic, chlorite and illite are generally the dominant minerals of Pleistocene sediments at DSDP Sites 388 and 391 (Pastouret et al., 1978) , 105 (Chamley et al., 1980) , and 534 (Chamley et al., 1983) . In recent sediments deposited on the continental margin of the East Coast of the United States, Hathaway (1972) distinguished a northern assemblage composed dominantly of chlorite, illite, amphibole, and feldspars and a southern assemblage composed dominantly of kaolinite and smectite. 
Miocene and Eocene
The clay fraction of Miocene sediments is composed of illite and kaolinite at Site 604 on the upper rise (Dunn et al., 1987) . On the lower rise, illite is the dominant clay mineral with smectite, kaolinite, and chlorite in late to middle Miocene age clays and silty clays (Flood, 1978) . In the deep-sea basins and abyssal plains of the western North Atlantic, smectite is usually the dominant clay mineral occurring commonly with small amounts of illite, kaolinite, and fibrous clays, including palygorskite and sepiolite.
Middle Eocene sediments were drilled at Site 605 on the upper rise. Clay minerals comprise smectite, illite, and kaolinite (Dunn et al., 1987) . In deeper environments, smectites are the dominant clay minerals in the western Atlantic Ocean (Rothe, 1989) .
METHODS
The clay mineral associations were identified using X-ray diffraction (XRD) on oriented mounts. Defloculation of clays was done by successive washing with distilled water after decarbonation of the crushed rock with 0.2 N HC1. The clay fraction (particles < 2 µm) was separated by sedimentation and centrifugation (Brown and Brindley, 1980; Holtzapffel, 1985) . XRD diagrams were obtained using a Philips PW 1730 diffractometer with CuKα radiation and Ni filter. A tube voltage of 40 kV and a tube current of 25 mA were used. Three XRD analyses were performed, after samples were air-dried, ethylene-glycol-solvated, and heated at 490°C for 2 hr. The goniometer scanned from 2.5° to 28.5° 2θ for air-dried, glycol-solvated conditions and from 2.5° to 14.5° 2θ for heated conditions. The identification of clay minerals was made according to the position of the (001) series of basal reflections on the three XRD diagrams (Brown and Brindley, 1980; Reynolds, 1980; Moore and Reynolds, 1989) . Semiquantitative estimates are based on the intensity and on the area of the main diffraction peak of each clay mineral (Holtzapffel, 1985) . The percentages of smectite layers in illite/smectite mixed layers (I/S) are estimated by measuring trie "saddle index" (Inoue et al., 1989) .
In addition, clay minerals were observed by transmission electron microscopy (TEM) using a JEOL 100 CX to identify the possible occurrence of traces of palygorskite and to determine the shape and size of clay particles.
RESULTS

Site 903
Two-hundred ninety-five samples from Site 903 were X-rayed. The clay mineral assemblages identified are composed of dominant illite, kaolinite, and smectitic minerals, including smectite and randomly interstratified illite/smectite minerals. Chlorite abundance is very low (5%) throughout the section, but increases sharply in Pleistocene sediments (Fig. 2) . Four distinct clay mineral zones (CMZ) were identified according to (1) the appearance or disappearance of clay species and (2) the behavior of relative percentages of clay minerals. They are considered in the stratigraphic order.
CMZ IV
Clay Mineral Zone IV coincides with lithological Unit VII, an Eocene, heavily bioturbated nannofossil clayey chalk that becomes porcellanitic downhole (Shipboard Scientific Party, 1994b) . The clay fraction, representing a few percent, is composed typically almost entirely of smectitic minerals (up to 96%, Table 1 ) with traces of illite and kaolinite. Opal-CT (cristobalite/tridymite) is common toward the base (Fig. 3A) . The percentage of smectitic sheets in the smectitic minerals is between 70% and 90% according to the saddle index values (Table 1 ). The (060) reflection has a position of 1.499 Å, which indicates a dioctahedral type of crystal lattice. Observations by transmission electron microscopy show that the smectites display a fleecy shape (PI. 1) without any crystalline overgrowths that would indicate an authigenic origin. At Sites 903 and 904, a microtektite layer interbedded within the chalk was recovered (Shipboard Scientific Party, 1994b , 1994c . The clay mineral associations were closely studied across the microtektite layer at Site 904 because this layer is better preserved than at Site 903. Fourteen samples selected in Section 150-904A-45X-2, 50-130 cm, are characterized by a clay fraction composed dominantly of smectite with minor illite and kaolinite. The microtektite layer and the clay fraction of the overlying chalk are significantly enriched with smectite probably derived from the submarine alteration of glassy material (McHugh et al., this volume) . At Site 903, a similar trend was observed, with the maximum smectite occurrence in Core 150-903C-56R above the microtektite layer (Table 1) .
CMZ III
Illite and kaolinite increase significantly from CMZ IV to III, across the major sequence boundary (reflector Ol) separating the Eocene chalk from the Oligocene-Miocene siliciclastic sediments. Clay Mineral Zone III includes lithological Units V and VI. The clay mineralogy of this dominantly argillaceous zone is characterized from the base to the top by decreasing proportions of smectitic minerals, and concurrently increasing illite and kaolinite ( Fig. 2 ; Table  2 ). The percentages of these latter minerals are positively correlated (Fig. 4) . In lithological Unit VI, the dominant smectitic minerals (55%-95%) occur with 5% to 30% of well-crystallized illite (the illite crystallinity index is between 0.3° and 0.4° 2θ) and kaolinite (0%-20%) (Fig. 3B) . Unit V consists of diatomaceous silty clays, with the clay fraction composed of smectitic minerals (10%-60%), illite (15%-40%), and kaolinite (20%-40%). There is no significant mineralogical change between lithological Units VI and V, but the evolution of the saddle index (Fig. 5) shows that the percentage of smectite layers in I/S from Unit VI ranges between 60% and 90%, whereas I/S from Unit V is composed of less than 60% smectite layers. Therefore, percentages of I/S and percentages of smectite layers in these interstratified minerals decrease simultaneously upsection. Transmission electron microscopy reveals the occurrence of short and broken fibers of palygorskite (PI. 1), which were not detected by XRD because the amounts are too small. 
CMZ II
CMZ II comprises lithological Units IV and III and the lowermost part of Subunit IIB. This interval is also dominantly argillaceous with the common occurrence of silty and sandy, 1-to 10-m-thick glauconitic beds (Shipboard Scientific Party, 1994b) . Well-crystallized illite increases from the base (30%) to the top (45%-50%), whereas kaolinite decreases (45% at base, 30% to the top) ( Fig. 2 ; Table 3 ). In contrast with CMZ III the amounts of illite and kaolinite show no covariance (Fig. 6 ). The transition from CMZ III to CMZ II is therefore characterized by a major change in the behavior of illite and kaolinite relative to each other. The transition between these CMZs is also lithologically characterized by the occurrence, at 730 m below seafloor in Core 150-903C-16R, of a 4-m-thick section of redeposited strata showing micro-normal faulting (Shipboard Scientific Party, 1994b) . The mineralogical change does not coincide with a seismic reflector but occur at the time of the formation of a canyon at Site 906 (Shipboard Scientific Party, 1994e) . The quantities of I/S, with less than 55% of smectite layers ( Fig. 3C ), are relatively constant, with an average value of about 20% ( Fig. 2) . Transmission electron microscopy reveals a mixture of large, irregular-shaped and well-outlined particles of illite with tiny subhexagonal particles of kaolinite (PI. 1).
CMZ I
The clay fraction of sediments from CMZ I differs significantly from those of the underlying sediments. It is composed mainly of well-crystallized illite and chlorite (PI. 1), associated with random illite/vermiculite mixed layers and small amounts of kaolinite (Figs. 2, 3D; Table 4 ). Therefore, a mineralogical change characterized by the decrease of kaolinite and by increasing chlorite occurs between upper Miocene and lower Pleistocene. Because most of the Pliocene is missing, this sharp change is readily apparently. Pleistocene sediments are also characterized by the occurrence of random illite/vermiculite mixed-layers, the abundance of detrital feldspars and the common occurrence of amphibole (Fig. 3D ). This mineralogical assemblage corresponds to the Northern assemblage defined by Hathaway (1972) .
Site 905
Three-hundred ninety-one samples were studied from Site 905. The clay mineral assemblages have a similar composition as Site 903, but their relative proportions are quite different. The clay fraction is also more homogeneous throughout the stratigraphic column (Fig. 7) . Three clay mineral zones were distinguished.
CMZ HI
Clay Mineral Zone III, which coincides with lithological Unit IV, is characterized by homogeneous clay assemblages composed of dominant illite/smectite mixed layers (50%-70%) occurring with well-crystallized illite (10%-20%), kaolinite (10%-30%), and traces of chlorite ( Fig. 8A ; Table 5 ). The amounts of kaolinite increase weakly upsection (Fig. 7) . A similar trend is observed in CMZ III of Site 903 (Fig. 2) . The percentage of smectite layers within I/S ranges between 50% and 75%. Transmission electron microscopy reveals the lath shape of smectite particles and the occurrence of rare, short fibers of palygorskite (PL 2). 
CMZ II
Clay Mineral Zone II comprises lithological Units III and II ( Fig.  7 ; Table 6 ). The clay assemblages are composed of small quantities of chlorite, well-crystallized illite (15%-45%), kaolinite (5%-40%), and I/S (30%-75%) in which the percentage of smectite layers ranges between 45% and 85% (Fig. 8B) . Unit III, a succession of mass-transport deposits, shows slightly more kaolinite and fewer illite-smectite mixed layers than Unit II (Fig. 7) . As at Site 903, CMZ II is characterized by decreasing proportions of kaolinite upsection balanced by an increase of illite and chlorite. Kaolinite occurs as tiny (less than 0.5 µm), subhexagonal particles (PI. 2).
CMZ I
The clay fraction of CMZ I at Site 905 is composed dominantly of chlorite and illite associated with small quantities of random mixed layers (including illite-smectite and illite-vermiculite) and kaolinite ( Fig. 8C ; Table 7 ). In contrast with CMZ II, the clay fractions are very heterogeneous from one sample to another. The I/S layers are generally less smectitic than in the underlying sediments, with the percentage of smectite layers composing between 40% and 70%. Illite occurs as large well-outlined particles, whereas kaolinite still occurs as small subhexagonal crystals (PI. 2).
DISCUSSION
Most Cenozoic sediments recovered from the Eocene to the Pleistocene of the North Atlantic show an irregular increase of illite and chlorite associated with mixed layers, quartz, feldspars, and amphibole (Chamley, 1979) . This evolution was also observed at Site 903 and is interpreted as a consequence of worldwide cooling that developed since the Eocene/Oligocene boundary (Barron, 1985; Frakes et a!., 1992) . The comparison between clay mineralogy and the composite oxygen isotope records for the Atlantic published by Miller et al. (1987) indicates a rather good correspondence between boundaries separating clay mineral zones and sharp increase of isotope values (Fig. 9) . Therefore, climatic fluctuations appear to be the main factor controlling the clay mineral sedimentation on the continental slope and rise off New Jersey.
Origins of Clay Minerals
In the Atlantic Ocean, most deep-sea clay minerals are derived from continental areas with little change in the crystalline structure (Biscaye, 1965; Chamley, 1989) . This is particularly the case for chlorite, illite, and kaolinite. Chlorite is readily altered by chemical weathering. Together with illite, chlorite is typical of high-latitude sediments deposited during glacial periods (Chamley, 1979) . Both illite and chlorite are the result of mechanical weathering of crystalline rocks cropping out on continental areas (Weaver, 1989) . By contrast, kaolinite occurs mainly in soils of hot and humid climates by weathering in well-drained environments in low-latitude areas (Chamley, 1989) . The origin of smectite is more controversial, as it can be detrital, authigenic, or an alteration product of volcanic material.
Eocene Smectitic Sedimentation (CMZ IV, Site 903)
The clay fraction of Eocene chalks drilled in the Atlantic Ocean is commonly composed almost entirely of smectitic minerals (Rothe, 1989) . Three main origins for smectite and smectitic minerals are currently envisaged for marine deposits of the Atlantic Ocean: reworking of exposed soils and sediments, early diagenetic authigenesis, and submarine alteration of volcanic material.
A detrital origin of smectitic minerals was presented for various locations of the Atlantic Ocean. Numerous mineralogical, micromorphological, and chemical studies including rare earth elements (REE) and Sr isotopes of smectitic minerals suggested that smectites from most Mesozoic and Cenozoic sediments were little controlled by postsedimentary processes and were mainly soil-derived minerals (in Chamley, 1979 Chamley, , 1989 . The abundance of these minerals in the clay fraction of marine sediments was attributed to the dominantly equable warm and seasonally humid climate of the late Mesozoic and early Cenozoic times that favored the pedogenic formation of Al-Fe smectites in the soils extensively developed in continental areas. Notice that an eolian origin of smectitic minerals has been suggested for Cretaceous North Atlantic sediments (Lever and McCave, 1983) and for the Coniacian chalk of England, in which calculation of mass accumulation rates suggested that smectitic minerals were deposited almost entirely from the background concentration of tropospheric dust (Kimblin, 1992) . The atmospheric circulation of the middle Eocene suggests the occurrence of west to east winds (Parrish and Curtis, 1982) , which would have been able to transport smectite from the North American continent to the North Atlantic (Fig. 10) .
Authigenic formation of smectites in the host sediment was supported mainly by Jeans (1968 Jeans ( , 1978 Jeans et al., 1982) , who noticed that smectite-dominated clay assemblages were associated with silicifications (opal-CT and α-quartz). Jeans (1978) proposed that silica and smectite were precipitated from the pore waters of the sediments a few meters below the seawater/sediment interface. More recent studies have shown that overgrowth laths occur commonly in Atlantic deposits characterized by low sedimentation rates, without significant changes in the total percentage of smectitic minerals relative to other clay species Holtzapffel and Chamley, 1986; Steinberg et al., 1987) . Recently Thiry and Jacquin (1993) suggested that the abundance of smectite in oceanic sediments could be the result of in situ transformation of detrital particles. According to them, transformation of the terrigenous clay components into smectite is the mechanism that best explains the abundance of smectites in oceanic sediments. They argued that smectite cannot be detrital, because weathering profiles contain mainly illite and kaolinite. An authigenic formation of Al-Fe smectite was also rejected by these authors, using the argument that Al is highly insoluble in the seawater.
The alteration of volcanic material is common close to the basalt/ sediment transition in the ocean especially in hydrothermal environments (in Chamley, 1989) . Volcanic glass is converted to smectite showing a magnesian or a highly ferriferous composition different from those of Al/Fe beidellite, which characterizes most open-sea sediments. The alteration of volcanic glass shards scattered in the sediments has also been called up to explain the abundance of smectites. The main question that arises about this hypothesis is that volcanic debris are rarely recognized in common Atlantic sediments and should have been supplied in huge quantities to justify the large amounts of smectite identified. Dunn et al. (1987) suggested that the irregular stratigraphic distribution of smectite at Site 605 (upper continental rise) supports neoformation rather than inheritance, but the only direct evidence of volcanism is the occurrence of an ash layer in the middle Eocene. In addition, the number of analyzed samples is too small to give a good representation of the stratigraphic distribution. Our data show by contrast that the composition of the clay fraction is rather homogeneous throughout the Eocene chalk drilled in an area close to the North American continent. In addition, smectite particles observed by TEM display the usual fleecy aspect of detrital particles. These observations indicate that smectites are principally landderived minerals, except in the microtektite layer and in a few meters above, where the smectite enrichment results from the submarine alteration of glass (Shipboard Scientific Party, 1994c; McHugh et al., this volume) . Paleoclimatic reconstructions of the Late Cretaceous and Early Cenozoic indicate high rainfall on the eastern North American margin (including the Appalachians), which may have favored the widespread formation of kaolinite (Parrish and Curtis, 1982; Barron, 1989) . A temperature maximum in the Eocene is indicated by continental and marine records (Frederiksen, 1984; Miller et al., 1987) . During the Eocene, the tropical rainforest probably prevented soils from the erosion as ever-wet tropical climates would minimize the availability and dispersal of siliciclastic particles (Cecil, 1990) . Therefore, despite the favorability of the climatic conditions to the formation of kaolinite in soils, this mineral is rare in the Eocene marine deposits of the continental slope. This supports that as in Late Cretaceous chalks, smectites from the Eocene chalks may have been transported by winds.
Upper Oligocene to Lower Middle Miocene Clay Sedimentation (CMZ III, Site 903)
The most striking feature of this interval is the increasing proportions of illite and kaolinite relative to smectitic minerals. The increase of typical detrital minerals indicates the active erosion of continental areas and is consistent with the passage from a carbonate to a siliciclastic sedimentation. The Appalachian Highlands were the main terrigenous source terrain, and the ancient Susquehanna, Delaware, and Hudson Rivers were the main sediment dispersal routes ( Fig. 10 ; Poag, 1992) . Surprisingly, the amounts of chlorite are always very low by comparison with illite, suggesting that hydrolyzing conditions were too strong to allow the preservation of this mineral. The increasing proportions of illite are consistent with global cooling starting in the Oligocene (Chamley, 1986) , but the parallel increase of kaolinite that is typical of soils from tropical to equatorial areas is more unusual. The direct correlation between illite and kaolinite (Fig. 4) suggests a common origin of these minerals. They were probably brought by rivers from the Appalachians; but, according to the climatic context characterized by global cooling, it is difficult to consider kaolinite to be reworked only from Oligocene to lower Miocene soils. It is more likely that kaolinite was also reworked from sedimentary rocks eroded together with crystalline rocks of the Appalachians, or from kaolinite-bearing soils developed during Eocene, Paleocene, and even Late Cretaceous times. Late Cretaceous to early Cenozoic hydrolyzing climates have favored the widespread formation of kaolinite on the eastern North American continent (Barron, 1989) . For example, Paleocene to middle Miocene formations from Virginia contain abundant kaolinite (McCartan, 1988) . Therefore, it is very likely that kaolinite was eroded from pre-Oligocene weathering profiles by rivers crossing the Appalachians. The increasing erosion probably results from the glacioeustatic lowering of the sea level. As in many sites from the North and South Atlantic and the Pacific Oceans, the maximum amount of kaolinite occurs in the middle Miocene. This is attributed to an increase of global humidity by Robert and Chamley (1987) , which may have favored the formation of kaolinite in soils. An additional factor may be the increasingly proximal pro-deltaic depositional environment for clays from the Oligocene to the middle Miocene (Hesselbo, this volume).
In summary, the progressive increase of illite and kaolinite from the upper Oligocene to middle Miocene of offshore New Jersey results from the global cooling and sea-level lowering that have favored the active erosion of the Appalachian Highlands. Kaolinite seems to be mainly reworked from paleoalterations but also expresses increasing humidity during the middle Miocene and increasingly proximal depositional environments through Oligocene to middle Miocene. 2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2   14  15  12  14  15  13  16  13  16  15  14  13  15  13  18  16 
Upper Middle Miocene and Upper Miocene Clay Sedimentation (CMZII)
At Site 903, the abundance of illite and kaolinite relative to smectite indicates the active erosion of the Appalachians, which is also suggested by the occurrence of terrestrial rather than marine organic matter (Shipboard Scientific Party, 1994b) . The increasing proportions of illite associated with the decrease of kaolinite and the absence of any correlation between these minerals (Fig. 6) suggests the occurrence of a major paleoenvironmental change within the middle Miocene.
The long-term cooling trend is obviously partly responsible for the decrease of kaolinite recorded at Sites 903 and 905, but the change in clay sedimentation within the middle Miocene suggests a step-like event, a more rapid cooling that is also indicated by δ 18 θ data (Savin, 1977) . Oxygen isotopic studies suggest that a glacioeustatic event occurred in the middle Miocene (Miller et al., 1987) . Less hydrolyzing conditions are reflected by the sporadic occurrence of higher proportions of chlorite than in CMZ III. Climatic models predicted a general decline in precipitation rates through the Cenozoic for the Appalachians (Barron, 1989) . Together with a lower average temperature, these climatic conditions would have favored the preservation of chlorite and illite and disfavored the formation of kaolinite.
Alternatively, increasing proportions of illite can be taken as a signal of renewed source-terrain uplift especially evident in the northern part of the Central Appalachians and suggested by the increase in terrigenous sediments accumulating in the middle Atlantic basins (Poag and Sevon, 1989; Poag, 1992) . A large outer shelf depocenter developed off Maryland, Delaware, and southern New Jersey (Fig. 10) . All the major ancient rivers systems joined to build a huge confluent delta at the shelf edge (Poag, 1992) . The tectonic uplift of the Central Appalachians has favored the erosion of crystalline rocks to yield large quantities of micas (illite), whereas the formation of kaolinite was disfavored by deteriorating climatic conditions. Therefore, the evolution of clay mineral assemblages in CMZ II results mainly from the combination of tectonic and climatic factors.
Pleistocene Clay Sedimentation (CMZ I)
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et al., 1989) (Fig. 10) . Therefore, these clay assemblages are a consequence of the development of the Arctic polar ice sheet. At Site 905, where 22 samples were studied, the proportions of clay minerals-especially chlorite, I/S, and kaolinite-show important variations. Pleistocene sediments were deposited by mass-transported processes. They consist of silty clay showing common color variations, and contorted and discordant beds with abundant clay clasts of various size and age (Shipboard Scientific Party, 1994d) . The important fluctuations in the clay mineralogy may result from the mixture of reworked sediments from various origins. Alternatively, the changing mineralogy may be the result of alternating glacial (chlorite-rich) and interglacial episodes (I/S and/or kaolinite-rich). Further study on the clay mineralogy of Pleistocene sediments from Site 902 will allow us to establish the distinct influence of these factors.
Comparison Between Sites 903 and 905
The same clay mineral species and similar trends in the vertical evolution of percentages are observed at both sites. However, at Site 905, the clay assemblages are more homogeneous and the long-term trends are less obvious than at Site 903. In comparing both sites, the most striking feature is the difference between the amounts of I/S. In CMZ II of Site 903, the average percentage of I/S is 18% whereas in the coeval sediments of Site 905 this percentage reaches 62% (Fig.  11) .
Several factors are probably responsible for such a difference. Numerous examples show that differential settling processes of clay minerals favor the deposition of smectite in distal oceanic basins and the preferential settling of kaolinite and illite in nearshore environments (Chamley, 1989) . In recent sediments deposited off the Niger delta, smectite increases from about 30% in coastal environments to 60% at distances from the shore, reaching 120 km (Porrenga, 1966) . Gibbs (1977) showed that from the mouth of the Amazon River along the continental shelf to the northwest for about 1400 km, smectite increases from 27% to 40%. The distance between Sites 903 and 905 is about 30 km and the difference in I/S percentages reaches 40%. According to modern examples, the increase of smectite from the slope to the upper rise seems too high to be attributable only to differential settling processes. Therefore, other factors have also played a role in the smectite enrichment at Site 905.
Smectite may have been transported at Site 905 by bottom currents. The tertiary North Atlantic Ocean basin was affected by the action of abyssal currents causing seafloor erosion along the continental margins (Tucholke and Mountain, 1986) . The pattern of bottom currents indicates that the studied region was probably submitted to the action of the Western Boundary Undercurrent (WBUC) flowing from the north through the Labrador Sea (Tucholke and Laine, 1982; Carter and Schafer, 1983; McCave and Tucholke, 1986; Locker and Laine, 1992) . In near-surface sediments, chlorite is transported southward by the WBUC, along the margin of the basin as far as the Greater Antilles Outer Ridge (Tucholke, 1975) . According to Tucholke (1986) , the current extends at depth less than 1000 m and reaches depth greater than 5000 m. The upper rise of Newfoundland located between 2600 and 2800 m of water depth, as at Site 905, is swept by a rapid south-flowing core of the WBUC. Therefore, during the middle and late Miocene this current may have transported smectites at Site 905, because sources of smectites existed to the north. In upper Miocene sediments drilled in the Labrador Sea (ODP Site 646), the proportion of smectite resulting from the erosion of ancient formations reaches 60% . Smectite may also have entered the Labrador Sea through the Baffin Bay, as Miocene sediments drilled at Site 645 contain an average proportion of 78% of smectites reworked mainly from old sedimentary rocks (Thiébault et al., 1989) . Since the early middle Miocene, the Baffin Bay was probably a main conduit between the Arctic and Atlantic Oceans and the focus of southward directed flow to the Labrador Sea (Srivastava, Arthur, Clement, et al., 1987) . Consequently smectite identified in sediments from Site 905 may have been partly brought by bottom currents flowing in a southward direction.
In summary, during the middle and late Miocene, the relative I/S enrichment of sediments deposited on the upper rise results at least from the combination of differential settling processes of clay minerals and from the influence of oceanic circulations (Fig. 10) 
CONCLUSIONS
On the passive continental margin off New Jersey, the Cenozoic clay sedimentation is controlled mainly by the decrease of hydrolyzing conditions in relation with worldwide cooling. Major mineralogical changes coincide with increasing δ 18 θ values. The influence of climate is modulated by the influence of tectonic uplift occurring in the Appalachians and at Site 905 by the influence of marine currents flowing southward along the continental slope. Four distinct intervals are described below ( Fig. 12 ):
1. The Eocene carbonate-rich/clay-poor sedimentation reflects restricted erosion of continental areas. A tropical rain forest covering continental areas probably prevented the erosion of the kaolinite-rich pedologic complex. Smectites from the Eocene chalks were probably transported by easterly winds from the North American continent to the Atlantic.
2. The progressive increase of illite and kaolinite at the expense of smectite occurring during late Oligocene to middle Miocene results from the influence of at least the three following processes, in order of importance:
a. intensification of erosion in the Appalachians caused mainly by glacioeustatic lowering, with kaolinite partly reworked from pre-Oligocene weathering profiles; b. increasingly humid climatic conditions culminating in the middle Miocene; and c. decreasing distance between sites and the shoreline. 3. The glacioeustatic lowering that occurred in the middle Miocene is recorded by increasing proportions of illite reworked from crystalline rocks at the expense of kaolinite. 78°  77°  76°  75°  74°  73°  72°  71°  70°W  78°  77°  76°  75°  74°  73°  72°  71°  70°W upper Eocene 39"   78°  77°  76°  75°  74°  73°  72°  71°  70°W  78°  77°  76°  75°  74°  73°  72°  71°  70°W 41 °N
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igure 10. Inferred origins of clay minerals deposited on the continental slope and rise off New Jersey from the late Eocene to Pleistocene (modified after Poag and Sevon, 1989; Poag, 1992) . J = ancient James River, P = ancient Potomac River, S = ancient Susquehanna River, D = ancient Delaware River, H = ancient Hudson River, C = ancient Connecticut River, EM = ancient river(s) of eastern Massachusetts. C = chlorite, I = illite, I/S = illite/smectite mixed layers, I/V = illite/vermiculite mixed layers, Sm = smectite, K = kaolinite, WBUC = Western Boundary Undercurrent.
4. The increasing proportion of chlorite in Pleistocene sediments reflects the development of the Northern Hemisphere ice caps and the mechanical erosion of crystalline basement.
To conclude, at each significant climatic cooling recorded from Eocene to Pleistocene, we noticed a renewal of clays from smectite to kaolinite at the Eocene/Oligocene transition, from kaolinite to illite in the middle Miocene, and from illite to chlorite from Miocene to Pleistocene. This succession clearly illustrates that the lessening hydrolyzing climates favored increased physical weathering.
